We have established an efficient histochemical method for demonstration of sialic acids in light microscopy. The method consists of a selective periodate oxidation-phenylhydrazine blockade and a thiocarbohydrazide-silver protein sequence followed by a physical development procedure. From the results obtained by the present experimental and control studies in tissue sections from a series of rat and mouse organs, such as stomach, duodenum, colon, liver, sublingual gland, lung, and kidney, the specificity and sensitivity of the method were sufficient. In the tissues tested, sialic acids
Introduction
Sialic acids terminate oligosaccharide chains in many mammalian glycoconjugates and play a key role in the normal function of these glycoconjugates (10). In mammalian tissues, such sialic acids occur in both 0-acylated and non-0-acylated forms (9) and these forms have been differentiated histochemically by pre-lectin histochemical methods in combination with a variety of selective chemical reactions for light microscopy (8) . Such methods usually consist of periodic acid-phenylhydrazine-Schiff (PA-P-S) and a number of selective (mild) periodate oxidation-Schiff methods, both of which are based on the periodic acid-Schiff (PAS) reaction for vicinal diols (8) .
For precise detection of vicinal diols of carbohydrates, a periodic acid-thiocarbohydrazide-silver protein-physical development (PA-TCH-SP-PD) method has recently been used in light microscopy (>) and has proven to be significantly efficient (15) .
In view of these findings, in the present study we attempted successfully to establish an efficient histochemical method for light microscopic histochemical detection of sialic acids by selective chemical reactions involving a thiocarbohydratide-silver protein-physical development (TCH-SP-PD) sequence. ' Correspondence to: K. Yamada. 1 Kawasumi, Mizuho-cho, Mizuhoku, Nagoya 467, Japan.
were visualized as distinct brownish and blackish reaction products. Comparisons of the new method with the periodic acid-phenylhydrazine-Schiff (PA-PS) or selective peiodate oxidation-Schiff (PA'-S) method employed hitherto have confiied that the new method reported here is higher in efficiency and visibility of reaction products than the latter two methods. 
Materials and Methods

Reagents
Thiocarbohydrazide was obtained from Sigma (St Louis, MO), silver protein from Merck (Darmstadt, Germany), and phenylhydrazinium chloride, periodic acid, hydrochloric acid, and acetic acid from Katayama Chemicals (Osaka, Japan). All the reagents involved in the physical developer used, gum arabic, silver nitrate, citric acid, and hydroquinone, were purchased from Katayama Chemical. Pararosaniline and thionyl chloride for Schiff reagent and potassium hydroxide were obtained from Katayama Chemical and Arthrobacter ureaficiens neuraminidase from Nacalai Tesque (Kyoto, Japan).
Preparation of Tissues
A series of organs of the digestive, respiratory, and urinary tracts were removed from adult male Sprague-Dawley rats and adult male DDY mice, which were sacrificed by exsanguination after sodium pentobarbital anesthesia. These organs included the stomach, duodenum, colon, liver, sublingual gland, lung, and kidney. Tissue pieces of these organs were fixed in Carnoy's solution at 4°C for 4 hr, dehydrated in 100% ethanol, cleared in xylene, and embedded in paraffin according to routine techniques. Sections were cut at a thickness of 4-6 Fm and mounted on glass slides without any adhesives. Tissue sections were then dewaxed in xylene, hydrated in a descending ethanol series, and subjected to one of the staining procedures detailed below.
Staining Protocols
Selcctive Periodate Oxidation-Phenylhydrazine-Thiocarbohydrazide-Silver Protein-Physical Development (PA*-P-TCH-SP-PD) Procedure). Hydrated sections were:
(pH 0.35) (14) . 5. TCH-SP-PD (omitted PA*-P steps). 6. PA*-P-PD (omitted TCH-SP steps). 7. SP-PD (omitted PA*-P-TCH steps). 8 . PD (omitted PA*-P-TCH-SP steps). Saponification (KOH). Before the staining procedure described above, esters from sialic acids with 0.5% potassium hydroxide in 70% ethanol for '. Oxidized in 0.4 mM periodic acid in HC1 for hr at 4"c a saponification technique (3) was performed for the of O-acyl 2. Washed in running tapwater for 10 min and rinsed briefly in dismin at RT (KOH-PA*-P-TCH-SP-PD)~ tilled water. 3. Immersed in 1% phenylhydrazinium chloride aqueous solution for 4. Washcd in running tapwater for 30 min and rinsed briefly in dis-5. Immersed in 0.5% thiocarbohydrazide in 10% acetic acid aqueous 6. Washed in running tapwater for 10 min and rinsed in distilled water. 7. Immersed in 1% silver protein aqueous solution for 30 min at 20°C in a dark box. This solution was centrifuged at 13,000 rpm for 30 min at 0°C and supernatant fluid was used. 8. Washed in running tapwater for 10 min and rinsed in distilled water. 9. Physically developed with a solution of the following composition for 20-25 min at 20°C in a dark box. Solution A: 45 ml20% gum arabic in water (wlv) 1 ml 10% silver nitrate aqueous solution (the gum arabic solution was centrifuged at 10,000 rpm for 60 min at Digestion with Neuraminidase. To confirm that the PA*-P-TCH-SP-PD method can specifically detect sialic acids of glycoconjugates, digestion with neuraminidase was used in combination with the method. Sections were treated with 1 U/ml of Arthrobucter ureu&ciens neuraminidase in approximately 10 mM phosphate buffer (pH 7.3) (13) for 20-24 hr at 37'C before the PA*-P-TCH-SP-PD staining procedure. Some sections were subjected to a KOH-neuraminidase sequence before the PA*-P-TCH-SP-PD procedure to remove acetyl groups of sialic acids and to render the enzyme digestion effective. Control sections were incubated in the specified buffer solution without enzyme under conditions of the same duration and tem-Derature.
Periodic Acid-PhenylhydrazineSchifT (PA-P-S) Procedure. After periodate oxidation with 1% periodic acid aqueous solution at RT for 10 min. sections were immersed in 0.5 % phenylhydrazinium chloride aqueous solution at RT for 2 hr. incubated in distilled water for 12-18 hr, and then stained for 30-60 min with a Schiff' s reagent (6.11) prepared routinely from pararosaniline by the method of Barger and DeLamaster (2).
Selective Periodate Oxidation-Schiff (PA'-S) Procedure. Sections were oxidized in 0.4 mM periodic acid in 1 M HCI for 1 hr at 4°C and then reacted with Schiff's reagent for 30-60 min at RT (14) .
Results
PA "-P-TCH-SP-PD Procedure
The reaction products obtained by the PA*-P-TCH-SP-PD procedure were colored various shades of brown and black. The shades of these products were much stronger in intensity than those obtained by the PA-P-S and PA*-S methods.
In the rat organs examined, positive PA*-P-TCH-SP-PD reactions of various intensities were obtained in surface and foveolar mucous cells and gastric gland cells in stomach (Figure 1 ). the mu- (Figure 4) , mucous acinar cells in sublingual gland (Figure 5 ), alveolar epithelial cells in lung ( Figure  6) , and glomeruli and urinary tubule epithelial cells in kidney (Fig  ure 7) . In the rat tissue sections subjected to the KOH-PA*-P-TCH-SP-PD sequence, saponification significantly increased the intensity of positive PA*-P-TCH-SP-PD reactions in the mucous droplets of certain goblet cells in colon ( Figure 8 ) and mucous acinar cells in sublingual gland. In addition, this method resulted in positive reactions of the cytoplasm in goblet and columnar cells from colon (Figure 8 ) and the plasma membrane of hepatocytes in liver (Figure 9) , which were never stained in the tissues subjected to the PA*-P-TCH-SP-PD sequence.
In the mouse organs, positive PA*-P-TCH-SP-PD reactions of various intensities were obtained in surface and foveolar mucous cells and gastric gland cells in stomach, mucous droplets of goblet cells in duodenum, mucous droplets and cytoplasm of goblet cells and cytoplasm of columnar cells in colon (Figure 10 ). bile canaliculi and plasma membrane of hepatocytes in liver (Figure 11 ). mucous acinar cells in sublingual gland, alveolar epithelial cells in lung, and glomeruli and urinary tubule epithelial cells in kidney ( Figure  12 ). When tissue sections were stained with the KOH-PA*-P-EH-SP-PD method, saponification notably increased the intensity of the positive PA*-P-TCH-SP-PD reactions in the mucous droplets of certain goblet cells in colon.
Histochemical Controls
In the sections subjected to control staining procedures such as C,HCI-P-TCH-SP-PD (Figure 13 ), PA*-P-TCH-SP, PA*-P-TCH-PD, PA*-P-SP-PD, TCH-SP-PD, PA*-P-PD, SP-PD, and PD, all the PA*-P-TCH-SP-PD-reactive histological structures did not stain at all.
Digestion with Neuraminidase
Prior digestion with neuraminidase either abolished or diminished the reactivity of the PA*-P-TCH-SP-PD-stainable histological struc-tures (Figure 14) . Moreover, prior digestion with neuraminidase after saponification either abolished or greatly reduced the reactivity of the KOH-PA*-P-TCH-SP-PD-stainable histological structures (Figure 15 ). The control procedures using specific buffer without neuraminidase did not affect the PA*-P-TCH-SP-PD reactions at all.
Periodic Acid-Phenyl'p hydrazine-Schz;ff (PA-P-S) Procedure
In the rat and mouse organs examined in the present study, the PA-P-S-reactive histological structures were comparable in distribution patterns to those stainable with the PA*-P-TCH-SP-PD sequence. However, the PA*-P-S reactions of certain histological structures, such as gastric gland cells in stomach, alveolar epithelial cells in lung, urinary tubule epithelial cells in kidney (Figure 16) , and connective tissue elements of all the organs tested were weak, exceedingly feeble, doubtful, or negative.
Selective Periodate Oxidation-Schiff (PA *-S)
Procedure
The results obtained by the PA*-S procedure were almost similar in staining intensity and distribution pattern to those obtained by the PA-P-S sequence.
Discussion
For light microscopic detection of sialic acids, the PA-P-Sor PA*-Sbased reactions have been employed in a series of previous histochemical studies on epithelial glycoproteins in a number of normal and diseased tissues (1,4,7,11) . According to the re-investigation concerning the mechanism underlying the PA-P-S reaction (6), it was proposed that the reaction depends on the reversal of phenylhydrazine blockade of sialic acids and that this reversal can be attributed to solvolysis of sialic acid phenylhydrazone and on the blockade of neutral sugar dialdehydes. However, some investigators have suggested that in certain cases the PA-P-S procedure may not block all staining of neutral mucin or may show an increased sensitivity to oxidizable sialic acid (12) . The selective periodate oxidation techniques are based on the fact that the exocyclic triol (position C7, C8, C9) of sialic acids is oxidized much more readily than vicinal diols situated on the heterocyclic ring of other carbohydrate residues (8) . In the latest study on the selective periodate oxidation of sialic acids, Volz et al. (14) have shown that complete oxidation of the side chain triol of all sialic acids can be achieved with 0.4 mM periodic acid in approximately 1 M HCI for I hr at 4°C (PA*) followed by Schiff's reagent. When the PA* technique was sequentially combined with the TCH-SP-PD sequence as in the present initial experimentation, however, it yielded positive reactions in certain histological structures known to contain only neutral sugars, such as glycogen particles in the cytoplasm of hepatocytes in the liver. This may indicate that the PA* actually oxidizes both sialic acids and Schiff-undetectable small amounts of neutral sugars in Carnoy-fixed tissue sections. To overcome this problem of the PA* technique in the present study, the PA*-P sequence was successfully introduced into the histochemistry of sialic acids by combining it with the TCH-SP-PD sequence. 
.
The chemistry for the PA*-P-TCH-SP-PD reaction is diagramatically illustrated in Figure 17 .
Throughout all the histological structures of a variety of rat and mouse organs, such as stomach, duodenum, colon, liver, sublingual gland, lung, and kidney, the PA*-P-TCH-SP-PD method was found to result in much greater visibility of reaction products than the PA-P-S or the PA*-S method. In the present study, moreover, the KOH-PA*-P-TCH-SP-PD yielded an increase of the PA*-P-TCH-SP-PD reactions in a variety of histological structures, such as the mucous droplets of goblet cells in colon of both animal species and mucous acinar cells in rat sublingual gland, and gave rise to positive reactions in the cytoplasm of goblet and columnar cells in rat colon and in the plasma membrane of hepatocytes of rat liver. These results are taken to indicate that the PA*-P-TCH-SP-PD sequence could be utilized for precise detection of all types of sialic acids when combined with a saponification procedure.
All the histochemical control procedures for the PA*-P-TCH-SP-PD methods, such as C,HCI-P-TCH-SP-PD, PA*-P-TCH-SP, and PD, resulted in negative reactions, confirming the adequate specificity of each step in the present procedure for sialic acids.
PA*-P-TCH-PD, PA*-P-SP-PD, TCH-SP-PD, PA*-P-PD, SP-PD.
